Folding proteins into their native states requires the formation of both secondary and tertiary structures. Many questions remain, however, as to whether these form into a precise order, and various pictures have been proposed that place the emphasis on the first or the second level of structure in describing folding. One of the favorite test models for studying this question is the B domain of protein A, which has been characterized by numerous experiments and simulations. Using the activation-relaxation technique coupled with a generic energy model ͑optimized potential for efficient peptide structure prediction͒, we generate more than 50 folding trajectories for this 60-residue protein. While the folding pathways to the native state are fully consistent with the funnel-like description of the free energy landscape, we find a wide range of mechanisms in which secondary and tertiary structures form in various orders. Our nonbiased simulations also reveal the presence of a significant number of non-native ␤ and ␣ conformations both on and off pathway, including the visit, for a non-negligible fraction of trajectories, of fully ordered structures resembling the native state of nonhomologous proteins.
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I. INTRODUCTION
Folding proteins is a complex process that requires the formation of both secondary and tertiary structures. The order by which these levels of structure assemble during folding is still unclear, however. For small proteins, it has been suggested that folding takes place cooperatively, following a funnel-like energy surface leading to the native fold, the global lowest energy conformation. 1 Under the minimal frustration principle, the protein folds to its global minimum efficiently without getting trapped in local minimal energy conformations rising from discordant energy signals. 2 Recent experimental and theoretical works indicate that this model could offer an oversimplified picture of folding and that folding pathways could be much more diverse ͑see, for example, Refs. 3-6͒.
Using the activation-relaxation technique 7 ͑ART nouveau͒ in conjunction with a generic optimized potential for efficient peptide structure prediction ͑OPEP͒, 8 we investigate the folding pathways of the full-length B domain of the staphylococcal protein A, a fast-folding 60-residue sequence that has been used extensively in the quest to elucidate protein folding. This left-handed bundle 9 of three helices ͑H1-H3͒ has been the subject of multiple experimental and theoretical studies exploring various ingredients of folding and offering sometimes conflicting views on the process. For example, while quench-flow and NMR experiments show a two-state process with a population of low-energy intermediates below 0.6% on the folding pathway, 10, 11 laser-induced jump analysis detect short-lived intermediates characterized by nascent helices within 90 ns and preceding the microsecond scale formation of the tertiary structure. 12 However, if initial unfolding study shows that the first helix to unfold was H1, followed by H2 and H3, 13 temperature jump 14 and -value 15, 16 analysis conclude that H2 is nearly fully formed at the transition state, with H1 and H3 being only partially ordered.
On the theoretical side, while the full-length protein has received little attention, with only on-lattice, 17 unfolding, solvent 18, 20, 30, 35 or implicit solvent, 28, 29, 31, 33 reduced protein representation molecular dynamics 24, 26 ͑MD͒ and Langevin dynamics, 4, 23, 25, 34 as well as some novel methods such as conformational space annealing, 22 stochastic difference equation algorithm, 19 application of the diffusion-collision model, 11, 37 or the statistical mechanical model. 38 Following Wolynes, 39 we can identify two families of simulation results: a first group of studies 20, 21, 30, 33 identifying helix H2 and the formation of specific long-range interaction between the first and second helix ͑H1-H2͒ at the transition state, and a second group of studies finding that H3 is the first to form followed by H2 and H1. While the former studies are consistent with the picture provided by the -value analysis, the majority of the studies 18, 19, [24] [25] [26] [27] [28] 31, 35, 37, 40 are more consistent with the observed helical stabilities of the individual helices which identifies H3 as the most stable helix. 10 Here, we report on 52 folding ART nouveau-OPEP trajectories for this protein. Coupled with Monte Carlo, 41, 42 the OPEP force field has been used to predict the structures of 20 peptides 8, 43 and the 56-residue domain B1 of protein G ͑Ref. 44͒ with models within 3.0 Å C␣ root-mean square deviations ͑RMSD͒ from experiments. Coupled with ART nouveau, we predict folding mechanisms for a 16 amino acid ␤-hairpin consistent with other methods 45 and aggregation mechanisms for multichain amyloid systems, [46] [47] [48] consistent with IR spectroscopy.
49

II. METHODS AND DETAILS OF SIMULATION
A. ART-OPEP simulations
ART nouveau 7, 45 builds folding trajectories by exploring the energy landscape in a four-step iterative process. Starting from a local minimal-energy conformation, the structure is deformed and brought to an adjacent first-order saddle point by following the direction of lowest negative curvature of the energy landscape. The conformation is then relaxed into a new local minimum. This new conformation is accepted based on the Metropolis criterion, p accepted = min͑1 , exp − ⌬E / k B T͒, where T is the Metropolis temperature and k B is the Boltzmann constant. Here, we use a Metropolis temperature of 900 K for folding, ͑referred to as T h ͒ resulting in a 50% acceptance rate. In some cases, we pursue the refinement of the lowest-energy structures found during folding at a temperature of 600 K ͑referred to as T l ͒. We emphasize that this temperature does not reflect a physical temperature for two reasons. First, thermal fluctuations are not taken into account in the accept/reject procedure so the vibrational entropic contributions are neglected. Second, it has been shown that the effective potential of real proteins is temperature dependent, 50 a fact that is neglected by most potentials including the one we used here. It is therefore adjusted to ensure a proper sampling of the conformation space. While ART nouveau does not simulate a well-defined thermodynamical ensemble, the method generates continuous pathways going from minimum to minimum through adjacent saddle points and all trajectories represent physically possible folding pathways. 45 Comparisons with other folding simulations, which model the natural temperature-dependent process, carried out at 300 K for a 16 amino acid ␤-hairpin 51 and amyloid peptides 52, 53 show indeed that the ARTgenerated trajectories capture the overall folding and aggregation pathways, even though, due to the lack of detailed balance, the relative rate of each of these pathways cannot be established. Recent work suggests that protein folding can be analyzed as a network of pathways, with a few very well connected structural basins that act as hub for a multitude of quantitatively different but qualitatively similar folding trajectories. 54, 55 Any method that follows a continuous pathway, such as ART nouveau, will therefore go through the same set of hubs and reconstruct, even without a well defined ensemble, folding pathways that are consistent with those that would be obtained using MD, for example. The OPEP energy potential 8 is an off-lattice coarsegrained implicit solvent force field for protein related simulations in which all the side-chain atoms of a nonproline amino acid are represented by a single bead with appropriate van der Waals radius and hydrophobic/hydrophilic character. All backbone atoms are represented with the exception of the aliphatic hydrogens. The underlying energy function includes terms for four types of interactions: ͑1͒ a harmonic term for each bond angle, bond length, improper angle of the peptide bond, and side-chain to maintain proper geometry and stereochemistry, ͑2͒ a 12-6 potential for pairs of hydrophobic or oppositely charged side-chains coupled to a repulsive 6 potential for other side-chain interactions, ͑3͒ a backbone twobody and four-body ͑cooperative͒ hydrogen-bonding term, ͑4͒ an excluded-volume term between main chain atoms and between main chain atoms and side-chain beads.
B. Details of the simulations
The sequence used is the full Y15W mutant ͓accession PDB: 1SS1 ͑Ref. 15͔͒ that was engineered for -value analysis. This 60 amino-acid protein of 964 atoms is represented by 368 beads using the OPEP coarse-grained model.
A total of 52 simulations were launched from three initial conformations. Twelve simulations were initiated from the fully extended state ͑structure EX0͒ and ran at T h for about three months on a modern IBM PowerPC processor. Each simulation generated about 50 000 events, with around 23 000 accepted events each. All of these simulations show a collapse of the extended structures, within the first 100 accepted events ͓Supplemental Fig. 4͑a͒ ͑Ref. 56͔͒. Two additional groups of 20 simulations each were started from two random coiled conformations, RH0 and LH0, with opposite initial "handedness" of the coil formation to reduce the impact of the initial state ͓Supplemental Figs. 4͑b͒ and 4͑c͔͒. These 40 simulations are run at the same Metropolis temperature T h for about 30 000 events, leading to about 13 000 accepted events for each run. The lowest-energy structure of each of these 40 runs was further refined for an additional 8000 events at T l . In what follows, all event numbers refer to accepted events only. All secondary structure analysis was done using the DSSP program. 57 
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III. RESULTS
A. Structures of lowest energy
We start from the NMR structure 1SS1, characterized by a disordered N-terminal region ͑residues 1-9͒, three helices H1, H2, and H3 at residues GLN10-HIS19, GLU25-ASP37, and SER42-GLN56, respectively, and two turns spanning LEU20-ASN24 and ASP38-GLN41, respectively. Energy relaxation locates a local minimum ͑Supplemental Fig. 5͒ , with an energy of −116.3 kcal/ mol at a C␣ RMS distance of 1.2 Å.
In contrast, the lowest-energy structure ͑LE1͒ predicted by our folding simulations has an energy of −133.5 kcal/ mol. LE1 displays the NMR topology, but the generated left-handed triple helix bundle is characterized by longer and shifted helices ͑H1: PHE6-ILE17 versus GLN10-HIS19 by NMR, H2: PRO21-LYS36 versus GLU25-ASP37 by NMR, and H3: PRO39-GLU56 versus SER42-GLU56 by NMR͒. The turns are shortened to LEU18-LEU20 for T1 and ASP37-ASP38 for T2 ͑Fig. 1͑a͒, Supplemental Fig. 6͒ . Overall, LE1 deviates from the NMR structure ͑model 2͒ by 6.1, 4.9, and 2.5 Å using the residues 1-60, 10-55, and 25-60, respectively. This high deviation from the NMR structure is therefore mostly due to the shift in T1 when the flexible tail is neglected. The excess of predicted secondary structures does not result from a minor role of tertiary interactions. The formation of helices contributes 35% of the total energy of the 60-residue protein. In addition, previous Monte Carlo simulations of the 10-55 fragment using the same OPEP parameters generated low-energy structures deviating by 2.9 Å from the NMR structure. 36 It is possible that the increase in helical content results from the presentation of the conformations in minima and the underestimation of the entropic effects. It is not known if a similar relaxation with higher helical content and high RMSD occurs with other off-lattice potentials as, to our knowledge, all simulations used the 10-55 truncated variant.
In what follows, LE1 is referred to as the native structure and used instead of the NMR structure for the evaluation of the native secondary structure and native contacts in the graphs. The color coding used in the figures reflects this definition: green, blue, and magenta are associated with the helices H1, H2, and H3, respectively, and yellow is used for the other elements of the structure. Figure 1 shows representative conformations of the lowest-energy structures found in 36 of the 52 simulations that reach an energy below −116 kcal/ mol. While there are some considerable fluctuations, especially among the less structured conformations, we can regroup all these structures into four classes. The first two classes ͓panels ͑a͒ and ͑b͔͒ correspond to the native three-helix bundle and its righthanded image. The left-handed nativelike bundle is found in four simulations ͑runs 18, 25, 32, and 35͒ out of 52. These nativelike structures range in energy from −120.8 to − 133.5 kcal/ mol. Its right-handed mirror image occurs also in four simulations within an energy range of −122.5 to − 128.0 kcal/ mol ͑three other less-ordered simulations reach a state with the same topology as the right-handed mirror image and an energy below −116 kcal/ mol͒. Although the secondary structures are almost identical between the leftand right-handed structures, there is little overlap between their contact maps ͑Supplemental Fig. 7͒ . Non-native righthanded conformations were also reported by other studies. 22, 26, 32 The third class of conformations displays an all ␣ content ͓panels ͑c͒ and ͑d͔͒ and is called -shaped topology for its resemblance with the Greek character. The conformations have either a fully formed H1 or H3 helix at the center, with the remaining broken helices forming a loop over it. The fully formed H3 -shaped topology ͓panel ͑c͔͒ occurs in three simulations, with an energy ranging from −119.8 to − 121.5 kcal/ mol while the full H1 version is found in four simulations and has a similar energy range ͑−118.3 to − 121.8 kcal/ mol͒. Both conformations occur with varying helix breaking points and coiling handedness. Interestingly, this structure corresponds to the lowest-energy structures found by Vila et al. using ECEPP/3 and various solvation models. 32 Finally, 50% of the trajectories locate conformations with all ␤ or mixed ␣ / ␤ content. The lowest-energy conformations reached by eight simulations ͓panel ͑e͔͒ have a three stranded ␤-sheet formed in the C-terminal region interacting with partially formed helices H1 and H2 and an energy ranging from −116.7 to − 126.3 kcal/ mol. Three simulations ͓panel ͑f͔͒ locate an all ␤ topology ͑−117.8 to − 122.5 kcal/ mol͒; five simulations ͓panel ͑g͔͒ locate a ␤-sheet between the N-terminal and H2 regions while H1 and H3 helices are partially formed ͑−118.5 to − 128.3 kcal/ mol͒. The last two runs ͓panel ͑b͔͒ show conformations with a partial H2 helix above a four stranded ␤-sheet and energies of −118.4 and −119.1 kcal/ mol.
B. Pathways leading to the native structure
We first look at the four trajectories, R18, R32, R35, and R25, that reach a left-handed three-helix bundle matching the FIG. 1. ͑Color͒ The structure of lowest energy found through independent simulations at 900 K followed by energy refining simulations at 600 K. ͑a͒ The left-handed nativelike bundle found in four simulations; ͑b͒ the righthanded mirror image found seven times; ͑c͒ -like structures with complete H3 helix-three simulations; and ͑d͒ -like structures with complete H1 helix-four simulations. ͑e͒-͑h͒ show representative structures of families of conformations with significant ␤-sheet components: ͑e͒ found in eight simulations; ͑f͒ in three simulations; ͑g͒ in five simulations; and ͑h͒ in two simulations. Not represented here are the 16 simulations who did not find a configuration of energy lower then −116.0 kcal/ mol. experimental topology. Figure 2͑a͒ presents the folding R18 trajectory, initiated from structure LH0. After a rapid collapse, a two stranded ␤-sheet spanning SER0-ASP3 and LEU35-ASP38 of H2 forms at accepted event 1000 ͑see the snapshots of Fig. 2͒ . The H3 region, free to move, rapidly enrolls into a partial helical structure between events 2500 and 4000. However, the full formation of H3 is prevented by another pair of parallel ␤-strands spanning residues LYS5-ASN7 of the N-terminal region and SER40-ALA43 of the T2 and H3 regions that are broken and reformed ͑events 3300-7000͒. Simultaneously, H3 changes its orientation from parallel to antiparallel with respect to the H2 region ͑events 5000-8500͒, going over an energy barrier. This rotation is accompanied by the formation of the H2 helix followed by a partial organization of H1 in a downhill energy process. The structure of lowest energy ͑−121.4 kcal/ mol͒ is found at event 11 800. A refinement run at T l allows the system to relax down to −133.5 kcal/ mol. Until event 8000, the structure is dominated by non-native interactions, with no more than 25% of native contacts ͑not shown͒; this number grows rapidly after the H3 reorientation, which allows the formation of H2 and H1.
Run R32 also starts from the structure LH0 and shares a number of similarities with R18 ͓Fig. 2͑b͔͒. In the first 4000 events, H1 and the loop regions around it are stabilized into interacting helical fragments, leaving the H3 region free to grow at full length. As H3 rotates with respect to the H2 region, H1 grows to form evolving structures with 60%-80% of residues in ␣-helical conformation. At this point, H1 and H3 do not share any contacts and are well exposed to the solvent as are T1 and the N-terminal regions that also adopt ␣-helical structures. At around event 5000, ALA49 and LEU52 of H3 come into contact with ILE17 and LEU18 of H1 while the H2 regions is freed from the core and exposed to the solvent. Contacts rapidly move to ALA13 and ILE17 of H1 and ALA49 and LEU52 of H3 while the H2 helix is formed. Reptation movements occur between the H1 and N-terminal regions and the H2 region while the H3 rotates around its anchor point on H1 ͑events 7000-12 000͒. The structure of lowest energy found at event 12 425 is at −120.9 kcal/ mol ͑−125.5 kcal/ mol after refinement at T l ͒.
R35 ͓Fig. 2͑c͔͒ is initiated from the right-handed random coil RH0 structure. No specific mechanism to reduce the initial preference is identifiable although by the 1000th event, the general coiling of the structure has shifted to a more left-handed prone conformation. H2 and H3 have up to 50% of their residues in ␣ state within the 4000 first events. From the 6000th through the 8000th event, H3 is almost fully formed while H1 and H2 oscillate between 60%, and 80% of their helical content. The final folding step is initiated around event 8300 when the two helical fragments of H1 coalesce to form a single helix. Subsequently, H2 forms a full helix, and then helix H3 completes its formation. The process only takes 250 steps during which H3 rotates on its axis thus breaking its contacts with the two residues of H1. The lowest-energy structure is found at event 8568 at −127.1 kcal/ mol ͑−128.8 kcal/ mol after refinement at T l ͒. Figure 2͑d͒ shows the folding pathway for R25, which starts from LH0. At the end of the higher T run, namely, after 10 141 accepted events, the structure is caught in a -shaped 
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St-Pierre, Mousseau, and Derreumaux J. Chem. Phys. 128, 045101 ͑2008͒ conformation of energy of −114.7 kcal/ mol. From this point, however, the simulation at T l manages to finish the relaxation and brings the protein into its native topology, with an energy of −120.8 kcal/ mol. R25 is the first trajectory to fold to the native state by a pathway in which the H1 helix is formed first and maintained at over 60% through all the simulations. Also unusual is the fact that H2 partially forms before H3. In the following simulation at T l , the -shaped structure proceeds into the native state by first forming H2, followed by H3. This overcoming of the -shaped conformation is interesting since seven other simulations end with a similar structure, suggesting that this intermediate structure might be important.
C. Consolidated results
Given the small number of folding trajectories leading to the native state, it is important to compare the transitions emerging from the four successful simulations and the 22 simulations that locate low-energy conformations with high ␣-helical content.
To identify the underlying process regulating these diverse folding pathways, we examine the evolution of the formation of helices based on a discrete definition. 35 A segment is considered to be ␣-helical if 80% of its residues remain helical for at least four consecutive ART events, which is sufficient to remove most of the fluctuations. The presence or absence of the three helices thus define a populated state ͑this definition does allow some of the most structured -shaped conformations to be counted in the three folded helix state.͒ Examining the consolidated transitions for the 22 simulations that find low-energy conformations with high ␣-helical content ͓Table I ͑top͔͒, we see that helix H3 is the most likely to be formed first from an unordered state ͑38%͒, while H1 and H2 have lower probabilities ͑29% and 23%͒. These three one-helix states have a high probability of returning to an unordered state ͑H1: 55%, H2: 58%, and H3: 42%͒, and they show a preference for the formation of twohelix states with H2 or H3 as second folded helices: ͑HUU → HHU: 21%, HUU→ HUH: 15%͒, ͑UHU→ HHU: 9%, UHU→ UHH: 30%͒, and ͑UUH→ UHH: 35%, UUH → HUH: 22%͒.
However, a notable fraction of the one-helix HUU structures transits toward the three-helix state without intermediates ͑7%͒, indicating a case of parallel formation for the H2 and H3 helices. Looking at the fractions of states that transit to the three-helix state, we see that a majority has the H3 helix formed in a two-helix state ͑UHH: 40%, HUH: 29%͒ ͑Supplemental Table II͒. If we restrict the analysis to the four simulations that converge onto the native state, we find a similar picture ͓Table I ͑bottom͔͒. The one-helix state UUH that has the highest probability of forming first in the consolidated data from 22 trajectories ͑38%͒ has the lowest probability to form first in the four trajectories that find the native conformation ͑7%͒ ͓Table I ͑bottom͔͒. However, we see that an even greater majority of the fraction of states that transit to the three-helix state contain the H3 helix ͑UHH: 55%, HUH: 24%, HHU: 15%͒ suggesting that H3 is statistically important for folding ͑Supplemental Table III͒. Overall, therefore, the consolidated 22 simulations leading to predominantly ␣-helical structures and the four folding trajectories give a similar qualitative structure, with helix H3 playing a dominant role in folding, even though the native state is not found in all simulations.
Another measure of tertiary structure formation is the correlation that can arise in the formation of hydrophobic long-range contacts. An analysis of set of native contacts as a function of the total number of residues in ␣-helical conformation reveals that only the hydrophobic pair LEU18-LEU23 is present in all simulations, with a presence probability exceeding 70% for structures containing 28-40 residues in ␣-helical conformation. This pair involves two helical residues at the extremities of the T1 turn, which puts them sequentially nearer than any other native pair. This result suggests that there is a wide distribution in the order in which tertiary structure forms during folding but that the stabilization of turns could be important for accelerating this process.
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IV. DISCUSSION AND CONCLUSIONS
The 52 simulations from various unfolded conformations lead to a consistent set of results with a lowest-energy state found in four independent simulations. While the lowestenergy state shows a relatively high RMS deviation with respect to the NMR structure, this difference being mostly due to a shift by two residues in the turn T1 associated with the structure of the tail, this state has the right topology ͑and handedness͒. Given that Monte Carlo-OPEP simulations folded the fragments 10-55 to within 2.9 Å RMSD ͑Ref. 36͒ and that previous ART simulations with the same set of parameters provided folding events for a ␤-hairpin model consistent with other methods and force fields 45 and aggregation events for multichain systems [46] [47] [48] in agreement with spectroscopy, 49 we can therefore safely compare our folding trajectories with experiments and published simulations.
A. Richness of folding pathways and comparison with experiments and published simulations
In spite of the effort, the folding mechanism of the B domain remains unclear. Quench-flow and laser-induced jump studies indicate a cooperative two-state and multiplestate mechanism, respectively, while temperature jump analysis and values indicate the early, preferential formation of helix H2. On the basis of values on 70 suitable mutants, Sato et al. also found that helix H3 is poorly formed and helix H1 is only weakly structured in the transition state. 15 The 52 folding simulations of the B domain of protein A show a rich diversity of pathways and structures. Looking at the 22 simulations that reach an all ␣ topology, the probability of a given helix to be formed in the state preceding the triple helix state is 47%, 62%, and 69% for helices H1, H2, and H3 respectively. In the case of the four simulations folding into the native state, these percentages are 39%, 70%, and 79%. Statistically, therefore, these results are in agreement with the majority of reported simulations observing that H3 is the most stable helix on the pathway near the native structure. Transition probabilities between secondary structures given in Tables I, II , and III show, however, that the individual folding pathways observed here are much more diverse. The simulation R32 forms helix H1 first, while simulation R18 indicates early formation of H2, followed by helix H1, and late formation of helix H3. Run R18 therefore correlates well with the folding picture provided by the experimental values, but this mechanism is not the dominant one.
Overall these results, which do not support the existence of a folding trajectory with a unique sequence of events, are fully consistent with the folding pathways obtained using Monte Carlo simulations 27 or the stochastic difference equation; 19 which pathway dominates should depend experimentally on temperature and concentration conditions 38 and theoretically on the accuracy of the force field. 39, 45 Even though folding pathways are multiple, the evolution of the average C ␣ RMSD as a function of the number of ␣-helical residues is clearly linear with the number of events ͑Supplemental Fig. 8͒ . This indicates that helix formation occurs as the tertiary structures fall into place. Folding is therefore highly cooperative while respecting the funnel picture 58 : the protein collapses first and then rearranges itself step by step, going through a number of intermediate states dominated by non-native interactions.
B. Structures of intermediates on and off folding pathways
The richness of the folding process is also seen in the on-pathway intermediates sampled by the simulations, with transient formation of non-native ␣ and ␤ secondary structures such as the ␤-sheets seen in the first 5000 events of R18 ͓Fig. 2͑a͔͒. While these elements are not obligatory for folding-of the 22 simulations finding an all ␣ lowestenergy structure 11 pathways contained some ␤-sheet elements in the first 5000 events-they provide strong evidence of residual frustration in the folding landscape. This frustration has already been observed by others. 3, 4, 30 During folding, simulations also reach a number of ordered metastable structures in addition to the native and mirror three-helix bundles. Interestingly, these structures are not as random as expected but can be detected in the PDB for nonhomologous sequences using structural alignment tools. 59 For instance, structure 1͑g͒, of lowest-energy among the ␣ / ␤ predicted topologies ͑−128.3 kcal/ mol͒, displays a high similarity ͑P value= 0.0486͒ with the fragments 1-52 ͑a partial Rossman motif͒ of the 174 residues Staphylococcal peptidyl-cysteine decarboxylase EpiD ͑PDB no: 1G5Q͒ ͓Figs. 3͑a͒ and 3͑b͔͒. Similarly, our predicted topology ͑h͒ of Fig. 1 shares high structural similarity ͑P value= 0.009͒ with the 1UDX structure shown in Fig. 3͑c͒ as well as with the 56-residue ␣ / ␤ Streptococcal protein G ͑PDB no: 1GB1, P value of 0.0262͒, although we see a key difference in the packing of the two ␤-hairpins with 1GB1 ͓Fig. 3͑e͔͒. This specific result is interesting in view of recent directedevolution analysis. These experiments showed that it is possible to pass from the three-helix bundle to protein G topology with a homology of 59% between the mutated sequences. 60 The authors showed that the energy gap between the two alternative folds is Ͼ6 kcal/ mol while we find 14 kcal/ mol in our simulations.
This experimental result suggests that the topologies found with ART-OPEP can be believed both in their structure and overall energy ranking. Recent comparisons on OPEP using ART nouveau and parallel replica show that the energy difference can be used as a good guide for the respective weight at equilibrium. 61 If we apply this criterion here, and suppose that the entropy for both motifs are identical, the right-handed conformation ͓family ͑b͔͒ and the partial Rossman motif of family ͑g͒, standing at 5.2 kcal/ mol above the native state should therefore occur about 10 000 times less often than the latter in equilibrium at 300 K; the probability of occurrence for the other patterns shown in Fig. 1 is even lower. Even though these occupation probabilities are only indicative, they clearly suggest that the transient topologies observed here should be very short lived and cannot be observed experimentally, unless specific stabilizers or antibodies for recognition are used. Indications that most force fields, including OPEP, fail to reproduce the strong folding cooperativity observed experimentally, and therefore overemphasize the stability of intermediates, could explain why we observe these structures even though they are rare from an energetic point of view. 62 Nevertheless, their appearance during unbiased folding simulations tells us something about the structure of the energy landscape. It is generally assumed under the minimal frustration principle that these offpathway minimal energy conformations would not be visited. As a result, the energy landscape is often described by a single funnel.
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Our simulations show, however, that a number of lowenergy structures with ␣ / ␤ or all ␤ topologies exist and should be sampled in the test tube, albeit with a very small probability. These results are in agreement with the topomersampling model of Debe et al. 63 which was reformulated somewhat in the backbone-based model of Rose et al. 6 In these models, the family of structures that can be visited is totally determined by the backbone, reducing considerably the complexity of folding. A protein can therefore explore multiple non-native topologies and enter the native funnel, determined by the details of the side-chain interactions, at various levels of organization, in a way which is well captured by the network and graph picture derived from the analysis of a rich heterogeneous denatured state ensemble for of the ␤-hairpin. 64 In summary, while it is possible to identify a relatively well-defined pathway leading to folding by averaging over the trajectories, analysis of the individual runs underlines the presence of a rich diversity of intermediate structures such as the -shaped conformation. 32, 34 Our simulations also indicate two levels of frustration in the energy landscape. The first level is residual in character and is illustrated by the presence of intermediates with transient non-native secondary structures en route to the native state. 3, 4, 30 The second level of frustration is of much larger amplitude which suggests a multiple-funnelled energy landscape with the dominant funnel belonging to the native state. This description supports the picture of a large but limited set of backbonedetermined structures that are sampled by the protein before reaching the intermediate state that leads it to proper folding. 6, 63 
